The anti-neoplastic prodrug, cyclophosphamide, requires biotransformation to phosphoramide mustard (PM), which partitions to volatile chloroethylaziridine (CEZ). PM and CEZ are ovotoxicants, however their ovarian biotransformation remains ill-defined. This study investigated PM and CEZ metabolism mechanisms through the utilization of cultured postnatal day 4 (PND4) Fisher 344 (F344) rat ovaries exposed to vehicle control (1% dimethyl sulfoxide (DMSO)) or PM (60M) for 2 or 4 days. Quantification of mRNA levels via an RT 2 profiler PCR array and target-specific RT-PCR along with Western blotting found increased mRNA and protein levels of xenobiotic metabolism genes including microsomal epoxide hydrolase (Ephx1) and glutathione S-transferase isoform pi (Gstp). PND4 ovaries were treated with 1% DMSO, PM (60M), cyclohexene oxide to inhibit EPHX1 (CHO; 2mM), or PM + CHO for 4 days. Lack of functional EPHX1 increased PM-induced ovotoxicity, suggesting a detoxification role for EPHX1. PND4 ovaries were also treated with 1% DMSO, PM (60M), BSO (Glutathione (GSH) depletion; 100M), GEE (GSH supplementation; 2.5mM), PM ± BSO, or PM ± GEE for 4 days. GSH supplementation prevented PM-induced follicle loss, whereas no impact of GSH depletion was observed. Lastly, the effect of ovarian GSH on CEZ liberation and ovotoxicity was evaluated. Both untreated and GEE-treated PND4 ovaries were plated adjacent to ovaries receiving PM + GEE or PM + BSO treatments. Less CEZ-induced ovotoxicity was observed with both GEE and BSO treatments indicating reduced CEZ liberation from PM. Collectively, this study supports ovarian biotransformation of PM, thereby influencing the ovotoxicity that ensues.
In the United States, there are an estimated 7.2 million female cancer survivors with 360,000 aged below 40 (Siegel et al., 2012) . For female cancer survivors, a major concern that can affect the quality of life post-treatment is the increased risk for infertility as a consequence of premature ovarian failure (POF).
The anti-neoplastic drug, cyclophosphamide (CPA), when included in the chemotherapy regimen of breast cancer patients, led to a significant increase in the number of women experiencing POF (Bines et al., 1996) . POF results from depletion of the finite ovarian follicular pool (Hirshfield, 1991) . Follicles are the structures encompassing the oocyte with granulosa cells (small preantral follicles) and theca cells (antral follicles) surrounding the gamete during follicular development. Primordial follicles are the most premature follicle type and due to their inability to be replenished, it is critical that their viability is maintained to ensure fertility. CPA induces POF via the depletion of primordial follicles (Plowchalk and Mattison, 1991) .
Similar to women, studies in rodents have shown that CPA exposure destroys the primordial follicles in mice (Desmeules and Devine, 2006; Plowchalk and Mattison, 1991) and antral (the developmental stage prior to ovulation) follicles in rats (Jarrell et al., 1991) at concentrations relevant to human exposures (Desmeules and Devine, 2006; Struck et al., 1987) . The results from these studies coincide with the human side effects, such as amenorrhea, premature menopause, and infertility, reported by women and young girls who have undergone CPA treatment (Sanders et al., 1988; Suarez-Almazor et al., 2000) .
When administered, CPA is not in its active form, but requires hepatic bioactivation for chemotherapeutic effects. Cytochrome P450 enzymes (CYP) initiate CPA biotransformation, which continues non-enzymatically to form the active, antineoplastic metabolite phosphoramide mustard (PM) (Ludeman, 1999; Shulman-Roskes et al., 1998) . In addition to targeting cancer cells, PM is also the ovotoxic metabolite of CPA, both in vivo (Plowchalk and Mattison, 1991) and in vitro (Desmeules and Devine, 2006) . Interestingly, PM is capable of partitioning further to form the volatile metabolite, chloroethylaziridine (CEZ) (Rauen and Norpoth, 1968; Shulman-Roskes et al., 1998) , which is also an ovotoxicant (Desmeules and Devine, 2006; Madden et al., 2014) .
Although the bioactivation of CPA is well established, information on the mechanism of detoxification of this drug is lacking. The evidence available suggests that CPA and metabolites are detoxified by NADPH oxidation and glutathione (GSH) conjugation (Pinto et al., 2009) , with variation in mechanisms occurring among follicle types (Desmeules and Devine, 2006) . GSH conjugation to PM can occur spontaneously or nonspontaneously (Dirven et al., 1994; Yuan et al., 1991) . Nonspontaneous GSH conjugation to PM likely occurs via the glutathione S-transferase (GST) family of enzymes, which are the predominant enzymes involved in GSH conjugation and detoxification of xenobiotics. Specifically, GSH, in excess, has been shown to decrease the stability of CEZ (Shulman-Roskes et al., 1998) and, furthermore, GSH has been shown to reduce the generation of CEZ from PM by promoting an alkylation reaction, in favor of the CEZ-forming hydrolysis reaction (Shulman-Roskes et al., 1998) .
PM likely also undergoes phase I biotransformation, such as hydroxylation, which has been demonstrated in the biotransformation of other ovotoxicants. 7,12-dimethylbenz[a]anthracene (DMBA), for example, is bioactivated to its ovotoxic form by hydroxylation via action of the enzyme microsomal epoxide hydrolase (EPHX1) (Igawa et al., 2009; Rajapaksa et al., 2007) . In contrast, EPHX1 activity results in the formation of an inactive tetrol form of 4-vinylcyclohexene diepoxide (VCD), thereby providing a detoxification role for VCD, the opposite of that observed during DMBA bioactivation (Cannady et al., 2002; Flaws et al., 1994) . Conjugation of GSH to PM (a phase II reaction) has been reported to replace one or both of the chlorides of PM (Dirven et al., 1994) ; however, it is unclear whether this reaction leads to a PM metabolite of lesser toxicity.
We hypothesized that activation of ovarian biotransformation enzymes would occur at time points prior to observed follicle loss. A neonatal rat ovarian culture system was used to characterize the biotransformation of PM in the absence of hepatic contribution, using quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting to evaluate enzymes that are involved in PM metabolism. In addition, manipulation of ovarian GSH and EPHX1 levels were achieved using chemical approaches in order to gain insight into the role of these xenobiotic metabolism enzymes and the impact they could have with respect to the reproductive outcome of PM exposure. In Vitro Ovarian Cultures Ovaries were collected from female postnatal day (PND) 4 F344 rats (Devine et al., 2002) after euthanasia. Both ovaries were removed, trimmed of excess tissue, and placed onto a Millicell-CM membrane floating on 250 l of previously 37 o C-equilibrated DMEM/Ham's F12 medium containing 1-mg/ml BSA, 1-mg/ml Albumax, 50-g/ml ascorbic acid, 5-U/ml penicillin, and 27.5-g/ml transferrin per well in a 48-well plate. A drop of medium was placed on top of each ovary to prevent dehydration. Ovary cultures containing PM treatments were cultured in a separate incubator from other treatments to eliminate contamination from the ovotoxic, PM-generated volatile metabolite (Madden et al., 2014) . The chosen PM concentration was 60M that we have previously characterized to cause follicle depletion from day 4 onward (Madden et al., 2014) . Exposure to PM was performed on alternate days as in our previous work. This ensured that follicle depletion was gradual, thus allowing for investigation of the ovarian mechanistic response to PM exposure, prior to follicle loss induction. Gapdh was used as the housekeeping gene for normalization as no change in its mRNA levels was observed between treatments. PM-induced changes in mRNA levels were quantified using the 2 −⌬ ⌬ Ct method (Livak and Schmittgen, 2001; Pfaffl, 2001) .
MATERIALS AND METHODS

Reagents
RNA Isolation and qRT-PCR
Protein Isolation and Western Blot Analysis
PND4 ovaries (n = 3; 10 ovaries per pool) were homogenized in 200 l of ice-cold tissue lysis buffer and protein quantified using a standard bicinchoninic acid (BCA) protocol on a 96-well assay plate. Total protein (15 g) was separated on a 10% SDS-PAGE and transferred to a nitrocellulose membrane. Prior to 1-h blocking in 5% milk, equal protein loading was confirmed by Ponceau S staining. Membranes were then incubated at 4 o C with their respective, specific primary antibodies [Rabbit Anti-GSTM, Rabbit Anti-GSTP, Goat Anti-EPHX1]. Following 48-72 h of incubation, donkey anti-rabbit or porcine anti-goat secondary antibody was added and membranes were incubated with shaking for 1 h at room temperature. Autoradiograms were visualized on Xray films in a dark room after 10-min incubation of membranes with 1X SignalFire ECL reagent. Densitometry of the appropriatesized bands was measured using Image Studio Lite Version 3.1 (LI-COR Biosciences, Lincoln, NE), which eliminates background noise. Values were normalized to Ponceau S staining.
Competitive Inhibition of EPHX1
On alternate days, ovaries (n = 4-6) were treated with vehicle control media (1% DMSO), PM (60M), cyclohexene oxide (CHO; 2mM), or PM (60M) + CHO (2mM) for 2 or 4 days. The concentration of CHO was determined by a previous study (Igawa et al., 2009) .
GSH Depletion and Supplementation
Ovaries were treated on alternate days with DMSO (1%), PM (60M), Glutathione ethyl ester (GEE; 2.5mM), DL-buthionine-(S,R)-sulfoximine (BSO; 100M), PM (60M) ± GEE (2.5mM), PM (60M) ± BSO (100M) or left untreated to evaluate the effect of the neighboring well CEZ liberation from PM. BSO and GEE concentrations and the addition of BSO 8 h prior to PM treatment were based on conditions described in a previous study (TsaiTurton and Luderer, 2006) . As previously reported, CEZ exposed ovaries were cultured in control media in the same incubator as PM-containing treatment, thus the ovaries were exposed to the volatile metabolite, presumably CEZ, liberated from PM (Madden et al., 2014) .
Histological Evaluation of Follicle Numbers
Following treatment, ovaries were placed in 4% paraformaldehyde for 2 h, washed and stored in 70% ethanol, paraffin embedded, and serially sectioned (5M). Every sixth section was mounted and stained with hematoxylin and eosin. Healthy oocyte-containing follicles were identified and counted in every sixth section. Unhealthy follicles were distinguished from healthy follicles by the appearance of pyknotic bodies and intense eosinophilic staining of oocytes. Healthy follicles were classified and enumerated according to Flaws et al. (1994) . Slides were blinded to prevent counting bias.
Statistical Analysis
Treatment comparisons for follicle count experiments were performed using Analysis of Variance. Quantitative RT-PCR and Western blot data were analyzed by t-test comparing treatment with control raw data at each individual time point. All statistical analysis was performed using Prism 5.04 software (GraphPad Software). Statistical significance was defined as p Ͻ 0.05, with a trend for a difference considered at p Ͻ 0.1.
RESULTS
Investigation of Xenobiotic Biotransformation Genes Involved in the Ovarian Response to PM Exposure
To gain insight into the ovarian genes that are activated during PM exposure, a drug metabolism RT 2 Profiler PCR array was performed on PND4 rat ovaries (n = 3, 10 ovaries per pool) cultured 2 or 4 days with vehicle control (1% DMSO) or PM (60M) exposure on alternate days. After 2 days of PM exposure, of the 89 genes tested, four were undetectable, seven genes had altered (p < 0.05) gene expression, and 1 gene, Chst1, was trending toward significance (p < 0.10) compared with the control (Table 1) . Following 4 days of PM exposure, six genes were undetected, 24 genes had altered (p < 0.05) gene expression, and four genes had a tendency for altered (p < 0.10) mRNA abundance in response to PM, relative to control (Table 1) . The results of this PCR array are summarized in Table 1 .
Effect of PM Exposure on Xenobiotic Biotransformation Gene Expression
To both validate gene expression changes observed in the RT 2 PCR array data and to determine changes in genes of interest that were not present on the array, primers were designed for candidate ovarian xenobiotic metabolism genes in PM metabolism. PND4 ovaries (n = 3, 10 ovaries per pool) were cultured for 2 or 4 days in control media (1% DMSO) or PM (60M) to capture the molecular changes occurring prior to PM-induced follicle depletion (Madden et al., 2014) . Following 2 days of PM exposure, there was no effect of treatment on Gstp or Gstm mRNA (Fig. 1C) . At 2 days, Ephx1 mRNA expression showed a tendency toward being increased (p Ͻ 0.1; 1.17-fold), followed by a large PM-induced increase in Ephx1 mRNA expression after 4 days (p Ͻ 0.05; 4.63-fold) (Fig. 1A) .
PM-Induced Changes in Protein Levels of Xenobiotic Metabolism Genes
In order to confirm the mRNA changes observed after PM exposure, protein levels were quantified in cultured PND4 ovaries (n = 3, 10 ovaries per pool) exposed to control media or media containing PM for 2 and 4 days. Compared with control, following 2 days of PM exposure, GSTP protein levels were increased (p Ͻ 0.05), but there was no effect of PM on GSTP protein level after 4 days of exposure (Fig. 1F) . GSTM protein levels also increased (p Ͻ 0.05) following 2 days of PM exposure, but decreased (p Ͻ 0.05), relative to control, after 4 days (Fig. 1E ). There was a trend for a PM-induced increase (p Ͻ 0.10) in EPHX1 protein levels after 2 days, followed by a large increase in EPHX1 after 4 days (Fig. 1D) .
Evaluation of the Role of EPHX1 in PM Metabolism
EPHX1 was competitively inhibited by CHO in the neonatal culture system to evaluate the role of the enzyme in PM metabolism. PND4 ovaries (n = 4-6) were cultured for 4 days with vehicle control (1% DMSO), PM (60M), CHO (2mM), or PM (60M) + CHO (2mM). PM and PM + CHO-treated ovaries were cultured at separate times, in a separate incubator from the control ovaries to prevent control treated ovaries from being exposed to the volatile compound liberated from PM in our culture system (Madden et al., 2014) . There was no effect of CHO treatment on primordial or large primary follicle number ( Figs. 2A and C) ; however, CHO treatment alone lowered small primary and secondary follicles when compared with control (Figs. 2B and D) . As previously reported (Madden et al., 2014) , PM induced (p < 0.05) primordial ( Fig. 2A) , small primary (Fig. 2B ), large primary (Fig. 2C) , and secondary follicle loss compared with control (Fig. 2D) . When EPHX1 was inhibited by CHO, in conjunction with PM exposure, greater (p < 0.05) primordial and small primary follicle loss was observed relative to PM alone ( Figs. 2A and B) . 
FIG. 3.
Impact of GSH supplementation during PM exposure on follicle number. PND4 rat ovaries were cultured and treated on alternate days to 1% DMSO (vehicle control, CT), PM (60M), GEE (2.5mM), or PM (60M) + GEE (2.5mM). Following 4 days of culture, follicles were classified and counted: (A) primordial follicles; (B) small primary follicles; (C) large primary follicles; (D) secondary follicles. Values represent mean ± SE total follicles counted/ovary, n = 4-6. Different letters represent significant difference between treatments p Ͻ 0.05. *p Ͻ 0.10 difference from CT.
Impact of Ovarian GSH Level Manipulation on PM-Induced Ovotoxicity
In order to gain an understanding for the impact of GSH manipulation during PM-induced ovotoxicity, PND4 ovaries (n = 4-6) were cultured for 4 days with DMSO (1%), PM (60M), GEE (2.5mM), BSO (100M), PM (60M) ± GEE (2.5mM), or PM (60M) ± BSO (100M). All PM-containing treatments were cultured in a separate incubator from other treatments to eliminate CEZ contamination (Madden et al., 2014) . As previously reported, compared with control, PM depleted all follicle types after 4 days of culture (Madden et al., 2014) . The addition of GSH alone, via GEE, depleted (p Ͻ 0.05) primordial, small primary, and large primary follicles (Figs. 3A-C) , relative to control, with the number of small primary follicles being reduced to PM levels (Fig 3B) . The supplementation of GSH via GEE in the presence of PM, reduced PM-induced follicle loss in all follicle types (Fig. 3) .
When GSH levels were depleted (p Ͻ 0.05) via the inhibition of GSH synthesis with BSO, BSO alone reduced (p Ͻ 0.05) the number of primordial and small primary follicles (Figs. 4A and B) , whereas there was no effect on large primary follicles (Fig. 4C ) and a trend (p Ͻ 0.1) for an increase in the number of secondary follicles (Fig. 4D) was observed relative to control. Similar to PM, compared with control, the inclusion of BSO with PM resulted in depletion (p Ͻ 0.05) of all follicle stages, with no difference in follicle loss observed relative to PM (Fig. 4) .
Impact of Altered GSH Levels on CEZ Liberation and Ovotoxicity
To evaluate the effect of altered ovarian GSH level on the generation of CEZ from PM and also to investigate the effect of GSH supplementation on CEZ ovotoxicity, cultured PND4 ovaries (n = 4-6) were treated for 4 days with DMSO (1%), PM (60M), GEE (2.5mM), and BSO (100M). In addition, ovaries were cultured in wells that received no treatment but were placed adjacent to wells containing an ovary that was exposed to PM + BSO or PM + GEE to evaluate the impact of GSH manipulation on CEZ generation from PM. These treatments were named Liberation (Lib.) PM + BSO or Lib. PM + GEE, respectively. Lastly, ovaries were treated with GEE (2.5mM) or BSO (100M) in wells that were placed beside those that received PM + BSO (100M) or PM + GEE (2.5mM) treatments in order to evaluate the effect of altered GSH on CEZ ovotoxicity. These treatments were designated CEZ + GEE and CEZ + BSO, respectively. This scheme is depicted in Figure 5 . All ovaries receiving PM-containing treatments were cultured in a separate incubator from other treatments to eliminate CEZ contamination (Madden et al., 2014) .
As previously reported, the volatile compound liberated from PM, presumably CEZ, depletes (p Ͻ 0.05) all follicle stages after 4 days of exposure (Madden et al., 2014) . Relative to control, there was no primordial, large primary, or secondary follicle loss induced by the GEE + CEZ or Lib PM + GEE treatments (Figs. 6A, C , and D). Small primary follicle depletion, however, was impacted by the GEE + CEZ treatment and further worsened to PM levels by the Lib. PM + GEE treatment (Fig. 6B) . BSO + CEZ and Lib PM + FIG. 4 . Impact of GSH depletion during PM exposure on follicle number. PND4 rat ovaries were cultured and treated on alternate days to 1% DMSO (vehicle control, CT), PM (60M), BSO (100M) or PM (60M) + BSO (100M). Following 4 days of culture, follicles were classified and counted: (A) primordial follicles; (B) small primary follicles; (C) large primary follicles; (D) secondary follicles. Values represent mean ± SE total follicles counted/ovary, n = 4-6. Different letters represent significant difference between treatments p Ͻ 0.05. *p Ͻ 0.10 difference from CT.
FIG. 5.
Plate layout for evaluation of the impact of ovarian GSH levels on CEZ liberation. Each well contained one PND4 rat ovary that was treated accordingly for 4 days to evaluate the following effects: untreated-ovaries cultured in control media were exposed to the CEZ liberated from the adjacent PM + GEE, thus named liberated (Lib.) PM + GEE; PM + GEE-ovaries treated with PM and GEE to evaluate the effect of GEE (GSH supplementation) on PM-induced ovotoxicity; and GEE-ovaries were treated with GEE and exposed to the CEZ liberated from the adjacent PM + GEE, thus named CEZ + GEE. Control treated ovaries were maintained in a separate incubator.
BSO exposures had no effect on follicle number at any stage of development, compared with control (Fig. 7) .
DISCUSSION
In 2012, an estimated 1.6-million people were diagnosed in the United States with cancer and 67% of these individuals will now survive at least 5 years post-diagnosis, compared with a 49% in 1977 (Siegel et al., 2012) . Increasing the cancer survival rate is a great medical feat, yet coincides with increased risk for reduced fertility (Byrne et al., 1992; Sklar et al., 2006) . Because the ovary is unable to replenish its gamete pool, accelerated loss of primordial follicles can hasten the onset of ovarian failure (Hirshfield, 1991) .
To elicit the anti-neoplastic effects of CPA bioactivation to the ovotoxic form PM is required (Desmeules and Devine, 2006; Plowchalk and Mattison, 1991) and metabolism can potentially proceed further to formation of the volatile compound CEZ (Flowers et al., 2000; Madden et al., 2014) . Bioactivation of CPA to PM has been well characterized in various tissues, but knowledge on detoxification of CPA and its metabolites remains lacking. Previous studies have demonstrated that GSH conjugation of PM occurs (Dirven et al., 1994) , which, though unconfirmed, is assumed to represent a detoxification reaction, but this has not been demonstrated. Therefore, a PND4 rat ovary culture system was used to investigate the role of EPHX1 and GSH in PM metabolism and CEZ liberation.
Following PM exposure, EPHX1 was increased at both transcriptional and translational levels suggesting its involvement in PM metabolism. Previous reports have found that EPHX1 bioac-FIG. 6. Impact of GSH supplementation on CEZ liberation and ovotoxicity. PND4 rat ovaries were cultured and treated as described in Figure 5 . Following 4 days of culture, follicles were classified and counted: (A) primordial follicles; (B) small primary follicles; (C) large primary follicles; (D) secondary follicles. Values represent mean ± SE total follicles counted/ovary, n = 4-6. Different letter represent significant difference between treatments p Ͻ 0.05. *p Ͻ 0.10 difference from CT.
tivates DMBA to its ovotoxic form (Igawa et al., 2009; Rajapaksa et al., 2007) , but, in contrast, detoxifies the ovotoxicant VCD (Bhattacharya et al., 2012; Cannady et al., 2002; Flaws et al., 1994; Keating et al., 2008) . In order to evaluate a functional role for EPHX1 in PM metabolism, a competitive inhibitor of EPHX1, CHO, was used to block the action of EPHX1 during PM-induced follicle depletion. Lack of EPHX1 activity increased the level of PMinduced follicle loss, suggesting that EPHX1 is involved in the detoxification of PM to an as yet unidentified lesser ovotoxic metabolite.
As an epoxide hydrolase, EPHX1 action adds a hydrogen to the epoxide group of a chemical, which to our knowledge, is not included in the chemical structure of PM and its metabolites. Interestingly, however, CEZ, the volatile and ovotoxic metabolite of PM (Madden et al., 2014) , is an aziridine compound capable of hydroxylation and may be the metabolite being detoxified by EPHX1 (Watabe and Suzuki, 1972) , and, whereas outside the scope of the experiments described herein, is an area for future investigation.
The mRNA encoding several genes implicated in GSH conjugation catalysis and usage were altered by PM exposure. At a time prior to PM-induced follicle loss (Madden et al., 2014) , the protein levels of GSTM and GSTP were increased. Interestingly, we observed a subsequent decrease in GSTM levels after 4 days of PM. We have previously demonstrated that GSTM negatively regulates ovarian apoptosis signal-regulating kinase 1 (ASK1) through protein interactions (Bhattacharya et al., 2013) , thus a decline in GSTM protein could indicate that this negative regulation is being relieved and the cell being pushed toward an apoptotic fate as has been observed with ovarian DMBA exposure (Bhattacharya et al., 2013) . These data support that the Gstp and Gstm genes are responsive to and involved in the ovarian response to PM exposure.
By manipulating the levels of GSH present in the ovary, the impact of GSH on PM-induced ovotoxicity was investigated. Ovarian supplementation of GSH during PM exposure restored follicle numbers to the GEE alone levels, with the exception of the large primary follicles where PM + GEE completely restored follicle loss to control levels. Surprisingly, GEE alone caused follicle loss in nearly all the follicle stages investigated indicating that an excess in GSH may be detrimental to follicles. These observations support that GSH conjugation to PM may represent a detoxification modification.
Unexpectedly, when GSH levels were depleted through blocking an enzyme essential to GSH synthesis, there was no impact on PM-induced follicle loss. These results therefore question the involvement of GSH conjugation in lessening the toxicity of PM. Our data are in agreement, however, with a study that found that depleting GSH levels in rat embryos did not impact PMinduced embryotoxicity, yet increased the toxicity of another CPA metabolite, acrolein (Slott and Hales,1987 ) . Similarly, using rat hepatocytes and K562 human chronic myeloid leukemia FIG. 7 . Impact of GSH depletion on CEZ liberation and ovotoxicity. PND4 rat ovaries were cultured and treated as described in Figure 5 . Following 4 days of culture, follicles were classified and counted: (A) primordial follicles; (B) small primary follicles; (C) large primary follicles; (D) secondary follicles. Values represent mean ± SE total follicles counted/ovary, n = 4-6. Different letter represent significant difference between treatments p Ͻ 0.05. *p Ͻ 0.10 difference from CT (a*) or PM (b*). cell in culture, PM did not impact the level of cellular GSH in either cell type, again, in contrast to acrolein, which depleted GSH levels.
Interestingly, the ovulated murine oocyte has an 8-10-mM GSH concentration (Perreault et al., 1988) , which is among the highest of any cell type (Zuelke et al., 2003) , and a prior study found that GSH concentration increased with age in mice in association with a decrease in CPA sensitivity (Mattison et al., 1983) , but our literature review failed to provide the GSH concentrations in primordial and small primary follicles. It has previously been shown that a GSH-conjugate of trichloroethylene (TCA) represents a bioactivation modification and further decreased oocyte fertilizability relative to the parent compound (Wu and Berger, 2008) , and it is known that GSH-conjugates are increasingly toxic in non-ovarian tissues (Monks et al., 1990) , thus it is possible that excess GSH is promoting formation of potentially toxic GSH-conjugates or that negative feedback is occurring and limiting de novo synthesis of some important signaling mediators involved in PM metabolism. Fully understanding the GSH levels of all follicular stages would aid in interpretation of our results as well as improve our general understanding of primordial follicles metabolism and the mechanisms protecting this irreplaceable pool.
Another important aspect of the present study was the evaluation of the effect of ovarian GSH levels on CEZ generation from PM. Previous studies report that excess GSH will reduce the generation and stability of CEZ (Shulman-Roskes et al., 1998) , thus we hypothesized that increasing GSH levels during PM exposure would reduce CEZ liberation, subsequently leading to reduced CEZ-induced follicle loss. When PM exposure was supplemented with GSH, our hypothesis was confirmed. However, surprisingly, when the levels of ovarian GSH were depleted during PM exposure, CEZ-induced follicle loss was also prevented. The physiological relevance of this result is unclear. It may be that BSO is not depleting ovarian GSH to a great enough extent to affect CEZ liberation. It could also be that a direct chemical reaction between BSO and PM is occurring to block the release of CEZ, but both scenarios render further investigation.
If, in the case of GSH supplementation and depletion, CEZ liberation is inhibited, this may partly explain the reduced follicle loss observed in the PM + GEE compared with PM treatments. The ovotoxicity of CEZ has been demonstrated (Madden et al., 2014) and our data suggest lack of CEZ liberation. Taken together, continued investigation of CEZ is required to understand the ovotoxic activity of this volatile, PM-generated metabolite.
In summary, the data generated from this study suggest that EPHX1 is involved in the detoxification of PM. Interestingly, excess GSH by itself impaired follicle viability, but GSH supplementation did reduce PM-induced follicle depletion. Depletion of GSH did not affect PM-induced ovotoxicity, thus the role of GSH in PM metabolism and ovotoxicity remains unclear. Ovarian chemical metabolism enzymes are widely expressed throughout the interstitial tissue, thus use of the neonatal model is considered appropriate for these studies. In addition, it is known that polymorphisms in the ovarian enzymes investigated herein confer increased susceptibility to ovarian cancer in humans (Hengstler et al., 1998) . Thus the data generated in this study may further our ability to prevent PM-induced follicle loss, potentially by the overexpression of EPHX1, and could have profound implications for fertility preservation following cancer treatment with CPA, leading to an improved quality of life for millions of female cancer survivors.
